Abstract: Polymer microchannels can be commonly processed using many non-lithographic methods for reducing the manufacturing cost and steps. In this research, an inexpensive and high-precision thermal engraving technology is developed and achieved to machine polymer microchannels ranging from tens to hundreds of micrometers. This paper presents the design of a thermal engraving device, the processing method and the experimental procedure. Thermal engraving microscribers can fabricate microchannels with a width less than 100 μm. Furthermore, the effects of velocity and temperature on the roughness of polymethyl methacrylate (PMMA) microchannels are also discussed. Finally, a smooth microchannel with these parameters optimally coordinated is achieved. Meanwhile, the contact angle (CA) and the electro-osmotic flow (EOF) of microchannels fabricated by this technology are also measured. The experimental results show that this method of fabrication has the advantages of low cost, high efficiency and small polymer microchannel size compared with several non-lithographic methods. This method of fabrication would be attractive for labs lacking extremely clean rooms and expensive photolithography apparatuses.
electroplating and electroforming are involved in hybrid tooling technology [18, 19] . Sometimes, injection molding and screen printing can be combined and used in the fabrication of microfluidic devices [20] . By using injection molding technology, a convenient, integrated interconnect approach for the microfluidic chip can also be developed [21] .
The microfluidic chip can be fabricated using the hot embossing method with the mold [22, 23] . The nickel metal substrate mold could be machined by low-cost UV-LIGA used in injection molding technology [24] . The thermal expansion and swelling of the SU-8 structure at high temperature has been studied by researchers [25] . A micro-mold with vertical sidewalls is obtained by micro-nickel electroforming directly on a substrate [25] . Through analysis, we were able to predict the effects of contact stress on the hot embossed PMMA microchannel wall profile [26] . By investigating the basic mechanism of hot embossing, better processing parameters are achieved and more accurate microchannels are produced [27] . Silicon molds can be made by electron beam lithography (EBL) combined with inductively-coupled plasma (ICP) etching [28] . Copper is another choice for master fabrication and can be machined by a combination of photolithography and electroplating [29] . By utilizing silicon/SU-8, glass and polydimethylsiloxane (PDMS) as masters, microfluidic channels can be transferred on to the PMMA plate. The stamp fabricating process can be performed in less than 4 h, and the stamp can be used for more than 50 embossing cycles [30] . As for hot embossing and thermal bonding of PMMA microfluidic chips, a spring-driven press device is designed and manufactured [31] . The hot roller embossing method is used in order to make a comparison with the traditional hot embossing technique. Patterns can be embossed on PMMA-based substrate through this method. Then, PMMA-based substrate is sealed with polycarbonate (PC) film to form a microfluidic chip [32] .
Thus, our work aims to provide a flexible and low-cost non-lithographic method to fabricate microchannels, whereby we expect to obtain a roughness in microchannels that is comparable to those that are made by commercial laser and other non-lithographic technologies. Furthermore, we hope to obtain microchannels close in size to those that are manufactured by microelectronics or MEMS technique. In this study, a thermal engraving technique is developed and used successfully to machine smooth microchannels on polymer materials. Roughness can be significantly reduced by adjusting and optimizing fabrication parameters by observing thousands of samples during the experimental process. Furthermore, the experimental results are fully discussed with respect to achieving stable manufacturing performance by analyzing the appropriate sets of parameters.
Experimental Section
In order to research the influence of thermal engraving temperature and scanning velocity on the roughness of microchannels, experiments were designed in order to ascertain the appropriate sets of parameters.
Experimental Details
The composition of equipment is shown in Figure 1 . The equipment constitutes a computer, controllers and the machine tool. The computer is used for designing the patterns of microchannels. Then, software could transfer these designs to the movement controller to fabricate microchannels. There are two controllers in this equipment, one used to control the temperature of the heater and the other used to control the movement of the carrier. The temperature controller consists of a proportion, integration, differentiation (PID) controller and a K-type thermocouple, which could provide a temperature measurement ranging from −40 °C -1200 °C (XMT615, Shanghai Hutuan Instrument Cable Co., Ltd. Shanghai, China). Furthermore, the fluctuation of temperature could be controlled at the level of ±1 °C in self-adjusting mode by the PID controller. The thermal engraving velocity can be controlled at 0.1 mm/s by the controlling stepping motor on the carrier. As is seen in Figure 1 , the machine tool consists of a body frame, engraving depth gauge, heater, microscriber and carrier with two active degrees of freedom. The body frame serves as a fixed structure, and the engraving depth gauge could be used to control the depth of microchannels. The heater is used to heat the microscriber, and the microscriber is used to fabricate microchannels by the thermal engraving method. The heater is driven by a 220 V alternating current, and its full power is 50 W, which can generate above 400 °C temperatures in the heating zone. We designed a component to fix the heater and manufactured it with steel. Several holes 2 mm in diameter can be observed on the upper side of this part in Figure 1 . These small holes are used to dissipate excess heat in case the heat transfers from the heater to other parts of the device during the thermal engraving process. A copper part was employed for good heat transfer between the heater and engraving cutter, and we used precise spark-erosion wire cutting to form a 500 μm wide gap. Effective heat transfer can reduce the temperature gradient from the heater to the head of the grinding cutter. A smaller temperature gradient could raise the maximum temperature of the cutter and form the thermal engraving device fabricating microchannels on polymer whose glass temperature is relatively high. We drilled a 1 mm diameter hole on its side to install a thermocouple. This thermocouple can provide real-time temperature to the PID controller, which is used to adjust the heating process of the heater.
The carrier is controlled by the computer and driven by the movement controller. Furthermore, microchannels could be fabricated on the polymer piece, which is fixed to the carrier. The carrier can move in two horizontal directions, and its velocity is 0-9.9 mm/s. Therefore, the thermal engraving microscriber can be scanned horizontally at a full speed of 9.9 mm/s.
The microscriber was a key part of the machine tool, and it was used to fabricate the microchannels. We chose tungsten steel as the material of the microscriber because of its good hardness and heat conduction. The length of the tungsten steel rod was 10 cm, and its diameter was 3.175 mm. A high precision grinding machine was used to process the microscriber (M820, Dafeng Machinery Co., Ltd. Dafeng, China). The fabricating process of a rectangle microscriber is shown in Figure 2a , and Figure 2b shows a rectangle microscriber after fabrication. In Figure 2b , we put a coin whose diameter is 19.5 mm as a reference. Figure 2c ,d is the rectangle microscriber prepared for precision grinding process during the last fabrication step. Before grinding the microscriber, we should process a customized fixture, as Figure 3 shows. In this figure, there are several narrow grooves, which can clamp tungsten steel rods when the two parts of the fixture are fastened by crews. We also drilled some via holes on the bodies of two parts of the fixture. The 20 via holes were used to install screws, which can fasten two parts of the fixture and prevent the tungsten steel rods from being thrown out during grinding. The fixture was made of iron, which offers effective ferromagnetism properties, so it could be fixed to the precision grinding machine safely. The tungsten steel rod could be ground into several shapes according to the microchannels we require. The fixture is released after each step, so that we could rotate these rods under a microscope between the two grinding processes (XTT, Shanghai Qinfen No. 4 Instrument Co., Ltd. Shanghai, China). The marks on the lens of the microscope could help us rotate the rods to the proper position that we need. Then, the fixture is fastened and prepared for the next grinding process. The tungsten steel rod is cut according to the desired length after grinding, and the procedure for machining a thermal grinding cutter is then complete. Figure 4a is a triangle microscriber, which is adjusted under a microscope, and Figure 4b shows a rectangle microscriber. We can see the micrograph of trapezoid, rectangle and triangle microscribers in Figure 5 . Additionally, we included a micrograph of a paper knife for comparison. 
Microchannel Fabrication
A typical 3 mm-thick PMMA plate was used in our experiment (Stone into Gold Trading Co., Ltd. Dongguan, China). Then, we cut the plate into 10 × 10 cm square pieces to fabricate microchannels on its surface by the CO2 laser. The designed microchannel pattern was put into the software Mach 2 before fabrication. Then, after fixing the PMMA piece on the carrier, the equipment was opened. Proper groups of parameters could produce microchannels with smooth sidewalls and no deformation shape of the cross-section, because our research aimed at improving the roughness of the microchannels. When the microscriber had been heated to a specified temperature, we ran the software. Then, the signal was transferred to the controller, and the controller drove stepping motors, which were fixed on the carrier. Finally, we obtained the microchannels that we designed. Figure 6 shows the procedure as outlined above. The depth of the microchannels is controlled by turning the engraving depth gauge during the fabrication process. Figure 7 shows the details of the fabrication process. We could see the engraving microscriber squeezing out polymer melt in the forward direction. The polymer melt is twisted into a spiral at room temperature. After fabricating, the microfluidic chip with microchannels was cut from the PMMA plate and washed with deionized water. Then, it was dried in a vacuum drier and cleaned by compressed nitrogen to remove particles. Thus, a piece of PMMA slice with microchannel patterns was obtained. 
Results and Discussion

Effect of Thermal Engraving Velocity and Temperature on Roughness
Thermal engraving velocity and temperature have significant effects on the roughness of microchannels. In this part, we examine the fabrication results for a typical 100 μm width rectangle microchannel. During the comparison of the roughness of microchannels fabricated using different sets of parameters, we could confirm from our experiments that microchannels are much smoother at lower velocity and temperature than at higher velocity and temperature. Figure 8 is a TG-DTA (thermo gravimetric analysis-differential thermal analysis) (TGA/SDTA851e, Mettler-Toledo International Inc., Greifensee, Switzerland) graph. We can see that the glass transition temperature (Tg) of PMMA material is almost 91 °C in Figure 8 . Figure 9 shows that the range of heating temperatures of the thermal engraving microscriber is 89 °C -95 °C , with an increasing velocity from 3.7-5 mm/s. Figure 9 . Effect of thermal engraving velocity and temperature on roughness in a 100 μm width microchannel. Figure 9 also shows the relationships between the temperature of the thermal engraving microscriber, the thermal engraving velocity and the roughness of the microchannels. We find that smoother microchannels are obtained with a wide velocity range at a lower thermal engraving temperature. Then, the smooth area decreases when microchannels are fabricated under conditions of higher temperatures and velocities compared with microchannels that are fabricated under conditions of lower temperatures and velocities. Several factors lead to this result. Firstly, a higher temperature can increase the amount of free volume available and the intermolecular interactions of molecules [33] . This means that the viscosity is decreased at higher temperatures beyond the limit for the glass temperature of PMMA [33, 34] . Secondly, a higher thermal engraving temperature can increase the melting region around the microscriber at the same engraving velocity. This is because higher thermal engraving temperatures can enlarge the temperature difference between the microscriber and PMMA piece. That means more heat transfer occurs from the microscriber to the region of the PMMA piece, which is close to the microscriber in the same period of time. Thirdly, the viscosity of melt is increased as the thickness of the melt layer becomes thinner due to the micro-scale effect [35] . Hence, we can deduce that the melt viscosity is higher than the large-scale flow around the microscriber. The higher viscosity of PMMA melt brings lower flow ability. Furthermore, the lower flow of PMMA melt could be more propitious for defining the parameters during the fabrication of microchannels. Thus, smooth channels are much more difficult to fabricate in the area where the thermal engraving temperature and engraving velocity parameters are high, as shown in Figure 9 . However, we still obtain a smooth microchannel in the No. 3 area, and the thermal engraving velocity is higher than in others areas. This is because increasing the velocity of thermal engraving may offset the increasing flow ability of the PMMA melt layer around the microscriber at higher temperature during the fabrication process. However, when the shear stress overcomes the combined force of the entangled molecular chain, slip happens in the lubricating layer [33] , while shear-thinning characteristics can decrease the viscosity around the microscriber [33] . Therefore, the fabricating conditions for smooth microchannels are much more difficult to control in the area where the thermal engraving temperature and engraving velocity are both high. Thus, we can see that the smooth area is least in No. 3 in Figure 9 . As usual, we chose the No. 1 area parameters as the optimal fabricating conditions due to the stabilization of control.
We cannot obtain smooth channels outside the velocity and temperature range shown in Figure 9 . When the temperature is below 89 °C , the temperature of the microscriber is below the lower limit of the glass temperature of PMMA. Therefore, there is no viscous flow to squeeze out in the direction of movement of the microscriber. While we fabricated microchannels on PMMA without heating the microscriber, we only got rough microchannels whose edges and bottoms appeared lacerated under a scanning electron microscope (SEM). Figure 10 shows 130 μm width microchannels fabricated under different conditions using a metallurgical microscope (C3203A, Shanghai Precision Instrument Co., Ltd. Shanghai, China) and SEM (VEGA 3 SBH, Shanghai Tescan Co., Ltd. Shanghai, China). Figure 10a ,b shows the microchannel that was fabricated with inappropriate conditions outside the range shown in Figure 9 . Figure 10a is a microchannel fabricated without heating; the microscriber engraving the PMMA piece at room temperature. Therefore, we can see that the edges of the microchannel are lacerated under a metallurgical microscope. Figure 10b is a microchannel fabricated at 133 °C . We can see that the edges of the microchannel appear to be in the shape of cooling viscous flow from melt under a metallurgical microscope. Figure 10c is a smooth microchannel fabricated with an engraving velocity of 4.2 mm/s and a temperature of 93 °C . We study the roughness of the microchannel under SEM. Figure 10d shows the details of the bottom of the smooth microchannel whose maximal roughness is 5 μm. We find that the microchannel is much smoother under optimized conditions, as shown in Figure 10c .
At the same temperature, the lower velocity of thermal engraving may lead to excessive polymer melt around the microscriber. Then, excessive melting polymer causes the increase in roughness of the microchannel. The microchannel roughness is similar to that which is shown in Figure 10b . However, the higher velocity of thermal engraving may induce insufficient polymer melt around the microscriber. Therefore, the microscriber would engrave the elastic boundary directly and slit the boundary during the fabrication. This also induces the increased roughness of the microchannel due to elastic boundary slit. Accordingly, the microchannel roughness is similar to that shown in Figure 10a . Figure 11 is the cross-section of a rectangle microchannel, and Figure 12 shows a 30 μm width rectangle microchannel whose size is commensurate with that achieved by some photolithography or laser introduced technologies [36, 37] . Moreover, a 30 μm width rectangle microchannel is the smallest obtained during our study. 
Effect of Surface Characteristics on Surface Wettability
Surface characteristics have a great effect on the surface wettability of a microchannel. After two experiments, we successfully evaluated the surface wettability of our microchannel. Firstly, we heated PMMA pieces by a vacuum oven (DZF-6020, Shanghai Jing Hong Laboratory Instrument Co., Ltd. Shanghai, China). As shown in Figure 9 , we heated for a duration of 10 s at each temperature point. We decided the length of heating time based on maximum thermal engraving time in the experiments. Then, we cooled down the PMMA pieces to room temperature and prepared them for contact angle (CA) measurement (JC2000C1, Shanghai Powerreach Digital Technology Apparatus Co., Ltd. Shanghai, China). The experiments were carried out by moving PMMA pieces into a suspended ultrapure water droplet and slowly pushing them against the droplet. Then, the droplet was attached to the PMMA pieces' surface. As we can see in Table 1 , the CAs changed only 5% as the heating temperature increased from 89 °C -95 °C . That means that heating has little effect on the surface wettability of the microchannel. Secondly, we measured the flow shape between the liquid phase and gaseous phase crossing in the microchannel with different roughness. Figure 13a shows a smooth microchannel that was fabricated under the proper conditions. We can see the meniscus between the liquid phase and gaseous phase, and the flow shape of ultrapure water shows a hydrophilic feature in the smooth microchannel. On the contrary, Figure 13b shows a rough microchannel, which was fabricated under three different sets of conditions, seen in Figure 9 . We cannot see the meniscus between the liquid phase and gaseous phase, and the flow shape of ultrapure water shows a hydrophobic feature in the rough microchannel. The results of our experiments show that the thermal engraving fabricating technology has less effect on the surface wettability of the microchannel under optimized fabricating conditions. 
Effect of Roughness on EOF
Electro-osmotic flow is very important in the microfluidic field. In this experiment, we measured the electro-osmotic flow and the electro-osmotic velocity in microchannels with varied roughness, fabricated using thermal engraving technology. We fabricated several straight microchannels whose cross-sections are all 100 μm wide and 100 μm deep rectangles. Then, we cut them 1 cm in length and drilled two 3 mm diameter holes on the each side of the short microchannels as reservoirs (ZX7025, Hangzhou Shuanglong Machinery Manufacturing Co., Ltd. Hangzhou, China). We filled 20 mmol/L of NaCl electrolyte solution in the microchannel and Reservoir 2 and filled 40 mmol/L of NaCl electrolyte solution in Reservoir 1. Solutions were prepared by using ultrapure water (Laboratory Water Purification System Harbin Yinghua Instrument Co., Ltd. Harbin, China) and NaCl (Tianjin Kermel Chemical Reagent Co., Ltd. Tianjin, China). A high voltage was applied via platinum electrodes in the reservoirs (Shanghai Jiagui Metal Materials Co., Ltd. Shanghai, China). After connecting the two electrodes, a higher voltage was applied by setting Reservoir 2 at a ground potential and Reservoir 1 to a higher voltage (DH1722-6A, Beijing Dahua Radio Instrument Co., Ltd. Beijing, China). Then, the applied high voltage resulted in an electro-osmotic flow in the rectangle microchannel. The 40 mmol/L NaCl solution in Reservoir 1 gradually displaced the 20 mmol/L NaCl solution in the microchannel. Finally, the microchannel solution resistance changed due to concentration changes. Then, the current value was constant. Therefore, the current's constant value was equal to the time the 40 mmol/L NaCl solution travels from Reservoir 1 to Reservoir 2. We can indicate the average velocity by the length of the microchannel and the current stabilization time. We used the current monitoring method to measure the electro-osmotic flow, and Figure 14 is the schematic diagram (MAS830L, Dongguan MASTACH Instrument Co., Ltd. Dongguan, China). Figure 15a is the electro-osmotic flow (EOF) velocity changes with 100 μm microchannels with different roughness in a 300 V/cm electric field. Figure 15b is the EOF changes with different roughness of 100 μm microchannels in the same electric field. In order to discuss the relationship between EOF characteristics and microchannel roughness, we introduced coefficient K as the ratio of roughness height and microchannel width [38] . Each measurement was repeated six times in our experiments. We found a nonlinear relationship, as shown in Figure 15a ,b, since the roughness density was nonlinear as the roughness increased. That means some rough microchannels are still usable due to the nonlinear effect of EOF characteristics. 
Conclusions
In this paper, we proposed a low-cost and high efficiency method to fabricate microchannels based on PMMA. Then, we researched the relationships among heating temperature, thermal engraving velocity and roughness by means of experiments. Furthermore, optimized processing conditions are ascertained by analyzing a large amount of experimental data. At last, we used a thermal engraving technique to fabricate microchannels, and its characteristics were compared to the performances of some non-lithography techniques. The minimum roughness of microchannels was decreased to 5 μm by adjusting the processing conditions. Meanwhile, the smooth microchannel had good hydrophilic and EOF characteristics. The minimum fabrication width of a rectangle microchannel was ascertained to be 30 μm, which can be compared to some photolithography or laser introduced technologies. Though the rough surface of microchannels is hydrophobic, the relationship between EOF characteristics and roughness was nonlinear due to our fabrication method. The results of our study indicate that the technique proposed achieves good performance and can be used in the microfluidic field, while future investigation into wider applications of this technique for other polymers needs to be continued.
